ABSTRACT: The cleavage of covalent C−H bonds is one of the most energetically demanding, yet biologically essential, chemical transformations. Two C−H bond cleavages are involved in the reaction catalyzed by thymidylate synthase (TSase), which provides the sole de novo source of thymidylate (i.e., the DNA base T) for most organisms. Our QM/MM free energy calculations show that the C−H → O proton transfer has three transition states that are energetically similar but structurally diverse. These characteristics are different from our previous calculation results on the C−H → C hydride transfer, providing an explanation for differences in temperature dependences of KIEs on these two C−H bond activation steps. The calculations also suggest that the traditionally proposed covalent bond between the protein and substrate (the C6−S bond) is very labile during the multistep catalytic reaction. Collective protein motions not only assist cleavage of the C6−S bond to stabilize the transition state of the proton transfer step but also rearrange the H-bond network at the end of this step to prepare the active site for subsequent chemical steps. These computational results illustrate functionalities of specific protein residues that reconcile many previous experimental observations and provide guidance for future experiments to examine the proposed mechanisms. The synchronized conformational changes in the protein and ligands observed in our simulations demonstrate participation of protein motions in the reaction coordinate of enzymatic reactions. Our computational findings suggest the existence of new reaction intermediates not covalently bound to TSase, which may lead to a new class of drugs targeting DNA biosynthesis.
T he covalent bond between carbon and hydrogen atoms (C−H bond) is one of the strongest and most ubiquitous chemical bonds in organic compounds. Most metabolic pathways, including those involved in DNA biosynthesis, require enzyme-catalyzed activation of C−H bonds. 1−3 Among the four DNA nucleotides, 2′-deoxythymidine-5′-monophosphate (dTMP, deoxythymidylate) is the only precursor unique to DNA (the three others have the same bases as in RNA). The only intracellular de novo source of dTMP is the reductive methylation of deoxyuridine-5′-monophosphate (dUMP) catalyzed by thymidylate synthase (TSase), which requires a C−H bond activation in the substrate (Scheme 1). Since TSase is present in most living organisms, and it is overexpressed in tumor cells, 4, 5 this enzyme has been an attractive target for both antibiotic and anticancer drugs. Classical drugs that target TSase are analogues of precursors of either the substrate (e.g., 5-fluorouracil) or the folate cofactor (e.g., raltiterxed, also known as ZD1694). These drugs often interact with other proteins involved in the metabolic pathways of either nucleosides/nucleotides or folates, leading to toxicity and development of resistance in cells. 6, 7 Therefore, current drug designs focus on selectively targeting TSase activity in malignant tumor cells or in specific pathogenic species, which can be aided by careful inspection of the mechanistic features of TSase. 6, 8 In the TSase-catalyzed reaction, the folate cofactor, 5,10-methylene-5,6,7,8-tetrahydrofolate (CH 2 H 4 folate), donates the methylene and hydride to the substrate dUMP, producing 7,8-dihydrofolate (H 2 folate) and dTMP. 9 The mechanism of TSase proposed herein involves two C−H bond activation steps (Scheme 2): a C−H → B (B: general base) proton abstraction from C5 of dUMP (step 4) and a C−H → C hydride transfer from C6 F of CH 2 H 4 folate to the exocyclic-methylene intermediate (step 5) . We have previously studied those two C−H bond activation steps in the wild-type (WT) Escherichia coli TSase (ecTSase) by measuring the temperature dependence of their intrinsic kinetic isotope effects (KIEs). The KIE on the hydride transfer is temperature independent (Ea T − Ea H = −0.02 ± 0.25 kcal/mol) 10 while that on the proton transfer is temperature dependent (Ea T − Ea H = 8.0 ± 0.1 kcal/mol), 11 implying a better-organized transition state (TS) for the former. 12−14 In order to investigate the molecular details underlying those experimental observations, we have recently simulated the catalytic mechanism of WT ecTSase using hybrid quantum mechanics/molecular mechanics (QM/MM) potentials. 12,15−17 The calculations suggested that the hydride transfer is concerted with cleavage of the covalent bond between C6 of dUMP and S of the C146 residue (noted "C6−S bond" hereafter), which regenerates the free form of the protein. Progressively, important protein motions accommodate the changes in geometric and electrostatic characteristics of the ligands during the hydride transfer, thereby reducing the free energy barrier. Particularly important in this choreography is the approach of a highly conserved arginine residue, R166, to C146 as the reaction proceeds, which polarizes the electron density around the S atom to stabilize the TS. 16 , 17 It appears that, owing to the adaptability of the protein environment, the average TS structure is invariant within the examined temperature range (5−40°C), which leads to a temperatureindependent KIE that is consistent with our experimental findings.
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In contrast to the well-resolved mechanism for the hydride transfer, the general base that abstracts the proton (H5) from C5 remains unidentified due to the complex network of Hbonds at the active site (indicated by previous structural and kinetic studies 18, 19 ). Furthermore, the deprotonation of C5 is tightly coupled with the subsequent β-elimination of the cofactor in WT TSase (step 4 in Scheme 2), 9, 20 making it difficult to expose the intrinsic nature of this C−H bond activation. Earlier work exploited model reactions in solution, 21−23 as well as the tritium release and dehalogenation from C5 of dUMP and analogues in the binary enzyme complexes, 24, 25 and proposed that an enol/enolate forms at C5−C4O4 during the proton transfer step. In contrast, our previous QM/MM calculations with the semiempirical AM1 method suggested that the deprotonation of C5 leads to cleavage of the C6−S bond, with minimal polarization of the C4O4 carbonyl. 15 This computational result implicates a new reaction intermediate where the ligands are not covalently attached to the protein, providing new directions for drug designs that target TSase activity.
To further investigate the findings from previous calculations, the current study thoroughly explores different proposed mechanisms for the proton transfer step with higher-level QM/MM calculations ( Figure 1 ). We first calculated the potential energy profiles of different proposed mechanisms and then studied the free energy profile in order to delineate features of the TS for the proton transfer. Our calculations not only provide the molecular details underlying previous experimental observations but also suggest future experiments that can examine the proposed mechanisms.
■ COMPUTATIONAL DETAILS
Computation Model. The starting point for the calculations was a X-ray crystal structure solved for ecTSase (PDB code 1TLS, resolution 2.60 Å), 26 which had both 5F-dUMP and CH 2 H 4 folate bound at the active site of each protomer. We used PyMOL 27 to replace the fluorine with a hydrogen atom at C5 of dUMP and to add hydrogen atoms to both ligands, and we used fDYNAMO 28, 29 to add hydrogen atoms to the protein with a defined pH of 7.5. To account for the influence of the local protein environment, we used the empirical PROPKA3 program to recalculate the pK a values of the titratable protein residues to verify their protonation states. 30 To neutralize the overall charge of the system, we added 22 counterions (Na + ) to the system at optimal electrostatic positions, at least 10.5 Å away from the periphery of the protein and 5 Å away from each other, using a regular grid of 0.5 Å. Finally, we used a prerelaxed water box (100 × 80 × 80 Å 3 ) to solvate the system by removing the water molecules that had their oxygen atoms within 2.8 Å of any nonhydrogen atoms.
The hybrid QM/MM calculations require division of the whole system into a QM part and a MM part. 31 This work examines the proton abstraction from the substrate, which can be affected substantially by the network of H-bonds in the protein. Therefore, initial calculations on the potential energy surfaces (PESs) used a QM region of 157 atoms ( Figure S1 ), which contained all the residues involved in the H-bond network at the active site. Further studies examined the effects of various QM regions, and the results suggested that the smaller QM region (57 atoms) in Figure 1 was sufficient for calculations on the proposed mechanisms (Scheme 3). This QM region was used for the final PES calculations presented in Figure 2 and Scheme 3. The potential of mean force (PMF) calculations included R166 in the QM region (77 atoms in total), and the PES calculations of the H147-involved mechanism included H147 in the QM region (68 atoms in total). The remaining atoms (including the rest of the protein and ligands, the crystallized and solvent water molecules, and the sodium counterions) were simulated by MM. Link (hydrogen) atoms were added at the boundary between QM and MM regions to satisfy the valence of the QM/MM frontier atoms. 31, 32 Based on the "half-of-the-sites-activity" proposed for ecTSase, 33, 34 the calculations only modeled one active site in the QM region, leaving the second active site (ligands removed) in the MM region.
The QM region was used to investigate various proposed mechanisms (Scheme 3) with either the Austin Model 1 (AM1) method 35 or the density functional theory with the Becke, three-parameter, Lee−Yang−Parr (B3LYP) exchangecorrelation functional and the 6-31G(d,p) basis set. 36, 37 The MM region used the OPLS-AA force field 38 for the protein and ligand atoms and the TIP3P force field 39 for water molecules. The nonbonding interactions were simulated using periodic boundary conditions and a switching function with a cutoff radius in the range 14.5−16 Å. The Molecular Dynamics (MD) simulations were performed using the canonical ensemble (NVT, with a reference temperature of 298 K) and the Langevin−Verlet integrator with a time step of 1 fs. 40 Molecular Dynamics. After setting up the model, we optimized the complete system using the adopted basis Newton−Raphson (ABNR) 41 method with the backbone of the protein frozen and then equilibrated it by 600 ps MD simulation. 40 Analysis of the final structures and the time evolution of the root-mean-square deviation (RMSD) suggested that the system was equilibrated ( Figure S2 ). The last structure from this 600 ps MD simulation was fully optimized again to serve as the reaction intermediate (intermediate C in Scheme 2) for the PES calculations. The Figure 1 . The H-bond network at the active site of the ternary ecTSase-dUMP-CH 2 H 4 folate complex (Intermediate C in Scheme 2) is shown based on the final equilibrated structure after 600 ps MD simulation (see Computation Details). This study focuses on the proton (green) abstraction from C5 of dUMP and compares the computational results with the rate-limiting hydride (dark red) transfer studied in our previous calculations. 12 The QM region for the PES calculations included 57 atoms and 3 hydrogen link atoms (black dots) on the boundary between the QM and MM regions. The QM region for the PMF calculations included 77 atoms (additional atoms in the dashed orange curve) and 3 hydrogen link atoms. The color code in this figure matches that for the structures in Figure 4B ,C.
main interactions between the active site residues and water molecules in the final optimized structure resemble those proposed by Stroud and Finer-Moore. 20 Considering the large size of the system, we froze all the residues farther than 25 Å from the QM center (a total of 53 425 out of 60 826 atoms) for the following PES and PMF calculations.
We also conducted MD simulations of several active site mutants to explore their potential effects on the reaction intermediate prior to the proton transfer (intermediate C in Scheme 2) . In particular, our calculations with the WT ecTSase revealed important roles played by C146, R166, E58, and Y94 during the proton transfer (see Results and Discussion); consequently, we conducted MD simulations of C146S, R166 K, E58Q, and Y94F mutants. We also simulated the mutant H147V because this His residue seems to stabilize the intermediate in the traditionally proposed mechanism for the proton transfer (mechanism I in Scheme 3), while B. subtilis TSase has a Val residue as the natural variance at this position. We used PyMOL to introduce the mutation to the final optimized structure of the WT reaction complex. Afterward, the resulting mutant complexes were optimized, equilibrated for 600 ps, and optimized again, following the same procedure as for the WT reaction intermediate.
Potential Energy Surface. We generated the QM/MM PESs for the proton transfer in the WT ecTSase using the final optimized WT reaction intermediate. Previous experiments suggested that the whole network of H-bonds serves as the general base for the deprotonation of C5. 19 After a careful inspection of the protein structure around the active site, we found that two water molecules can serve as the direct acceptor for H5 transfer, both of them H-bonded with Y94 (wat47 and wat80 in Figure 1 ). However, due to the proximity of wat80 to . The current study suggests mechanism III where the deprotonation of C5 leads to the cleavage of C6−S bond is the lowest energy path. The PMF calculations suggest that residue R166 stabilizes the S anion upon cleavage of the C6−S bond in mechanism III. C146, wat80 is inclined to protonate the S anion of C146 once it accepts H5. Therefore, all the calculations presented in this paper used wat47 as the proton acceptor. The distinguished reaction coordinate (DRC) used for simulation of each chemical step is the corresponding interatomic distance (when describing a bond cleavage/formation) or antisymmetric combination of two distances (when describing an atom transfer). The PES scanning for each proposed mechanism provided saddle point structures that were used in the calculations of stationary-point location and characterization of TS structure. The obtained TS structure and corresponding intrinsic reaction coordinate (IRC, i.e., the vibrational mode with an imaginary frequency) were then used to optimize to the reactant and product structures. To authenticate the AM1/MM results, we also used the B3LYP/6-31G(d,p) method to calculate the TS structures for the first step of each proposed mechanism, followed by calculations with the IRC and full optimization of the corresponding reactants and products. Those PES calculations followed the micro−macro iterations scheme 42 that is implemented in the fDynamo library, 28,29 as described in our previous publications. 15 In our calculations, the core space contained all the QM atoms, the environment space included all the MM atoms, and the Hessian matrix was explicitly calculated only for the core atoms.
Potential of Mean Force (PMF). To obtain the free energy profile for the proton transfer, we employed the umbrella sampling approach and the weighted histogram analysis method (WHAM) 43, 44 to calculate the PMFs with AM1/ MM. We followed the same procedure as for our previous calculations of the hydride transfer, 15, 16 and used an umbrella force constant of 2500 kJ mol −1 Å −2 (597 kcal mol −1 Å −2 ) for each window. Each window carried out a 5 ps equilibration and 10 ps production with a time step of 0.5 fs. In all PMF windows, the resulting structure had a total energy fluctuation lower than 0.6%, a kinetic energy fluctuation lower than 1%, and a change in temperature lower than 3 K over the production period of time (the last 10 ps). We plotted all the sampled values on the DRC and also checked all the resulting structures to make sure trajectories in adjacent windows have similar structures, i.e., good overlaps between adjacent PMF windows.
We first calculated the PMF using the antisymmetric combination of distances describing the proton transfer (d C5−H5 −d H5−Ow ) as the DRC. This DRC was varied from −1.50 to 1.50 Å with a window width of 0.05 Å, generating 60 windows. The starting structure for all the windows in this 1D-PMF calculation was a TS structure located in the PES calculations. In order to obtain a more precise TS for the proton transfer, we calculated a 2D-PMF using the interatomic C6−S distance as the additional dimension of the DRC. There were 45 simulation windows along the d C5−H5 −d H5−Ow coordinate (from −1.48 to 1.82 Å with a window width of 0.075 Å) and 31 simulation windows along the d C6−S coordinate (from 1.8 to 4.8 Å with a window width of 0.1 Å), generating 1395 windows in total. The contour plot of the 2D-PMF results was generated with Surfer (R) Version 8.04 from Golden Software, Inc.
■ RESULTS AND DISCUSSION
Proton Transfer Mechanism. In order to resolve the proton transfer mechanism, we thoroughly explored the PES of this reaction using various combinations of DRCs. Although experiments were unable to isolate the deprotonation of C5 from the subsequent β-elimination of the cofactor in WT TSase, 20 our 2D-PES mapping suggests that cleavage of the C7−N5
F bond only occurs af ter deprotonation of C5 and protonation of N5 F . Scheme 3 summarizes three major proposed mechanisms that our calculations have investigated.
In the traditional mechanism proposed by Carreras and Santi (mechanism I), 9 the C4O4 carbonyl forms an enol with C5 during the deprotonation step (intermediate E), which then transfers the proton to N5 F through a water molecule (wat47) and becomes an enolate (intermediate F F is the general base that deprotonates C5 through wat47 (mechanism II). 45 Both mechanisms I and II involve formation of an enol/enolate at C5−C4O4, in accordance with the classical catalytic mechanism proposed for abstraction of an α-proton adjacent to a carbonyl group. 46 However, our previous AM1/MM PES calculations suggested that an active site water molecule (wat47) abstracts H5 from C5, leading to cleavage of the C6−S bond (intermediate H in mechanism III). 15 This protonated water molecule (associated with a broader network of hydrogen bonds) then transfers a proton to N5 F (intermediate K), followed by S reattacking C6 to eliminate H 4 folate. Figure 2 plots the potential energy profiles of these three proposed mechanisms, which shows that mechanism III is the lowest energy path and thus is the most probable mechanism for the proton transfer. Among these proposed mechanisms, only mechanism III presents the hydride transfer step as the highest potential energy barrier in the AM1 PES calculations, which agrees with previous experimental observations that the hydride transfer is rate limiting for the catalytic turnover. 10, 47 Since calculations using the semiempirical AM1 Hamiltonian usually overestimate the energy barriers for chemical bond cleavages/formations, we employed the B3LYP/6-31G(d,p) method to calculate the structures of a TS and the corresponding reactants and products for the first step of each proposed mechanism ( Figure S4 ). The potential energy profiles calculated with the B3LYP/MM method are also Figure 3A) . We analyzed the important interatomic distances that changed along the DRC in this PMF calculation ( Figure 3B ). As the proton is transferred from the donor to the acceptor (d C5−H5 and d H5−Ow ), the distance between the donor and acceptor (d C5−Ow ) reaches the minimum value at the TS. Figure  S3 in the Supporting Information provides additional analysis of key geometric parameters around C5 of dUMP, which confirms formation of a double bond (C5C6) after the deprotonation of C5 and elimination of the S anion from C6. An interesting finding of this PMF calculation is that R166 approaches C146 (d S−H R166 in Figure 3B ) during the proton transfer, stabilizing the thiolate anion upon the C6−S cleavage (d C6−S ). This is similar to the findings of calculations on the hydride transfer. 12, 16, 17 However, in contrast to the hydride transfer step, the C6−S bond is fully broken (4.5 Å) before the proton transfer reaches the TS in this 1D-PMF calculation. This observation suggests that the C6−S distance is an important component of the reaction coordinate; thus, the 1D-PMF calculation that excludes the C6−S distance from the DRC may not give a complete picture of the reaction. Consequently, we calculated the 2D-PMF of this proton transfer step at 25°C, using the C6−S bond distance as an additional dimension of the DRC ( Figure 4A ).
Our previous PMF calculations on the hydride transfer found one TS that was invariant at temperatures from 5 to 40°C. 12, 16 By contrast, the 2D-PMF surface for the proton transfer is more complex, with multiple saddle points for different reaction paths ( Figure 4A ), including the E1 (TSA), E2 (TSB), and E1cB (TSC) mechanisms. All these saddle points comprise the ensemble-averaged TS that is probed by experiments for the proton transfer step. Since TSA, TSB, and TSC have similar free energies, the reaction can go through these three TSs with comparable probabilities at 25°C. Given this complex free energy surface, a change in temperature could alter the distribution among the possible reaction paths, leading to different geometric properties of the ensemble-averaged TS. Therefore, this 2D-PMF provides a possible explanation for the experimentally measured temperature dependence of the KIE on the proton transfer; 11 these results contrast with the simpler 2D-PMF surface 16 and the temperature-independent KIE 10, 12 found for the hydride transfer. The complexity of the free energy surface for the proton transfer most likely arises from the mobility of the proton acceptora water moleculein the versatile network of H-bonds at the active site of TSase. In contrast, the hydride is transferred between two C atoms of the ligands and is very sensitive to the orientations of dUMP and CH 2 H 4 folate. 10, 18, 20, 48 This dissimilarity is probably the major determinant for the difference in temperature dependences of KIEs on those two C−H bond activations. The multiple TSs found for the proton transfer step corroborates a recent numerical analysis based on the Marcus-like model, which suggested that steeply temperature-dependent KIEs can be explained only by multiple TSs with different structures. 14 In addition, the 2D-PMF calculations revealed conformational changes in both dUMP and CH 2 H 4 folate after the deprotonation of C5 (from D to P in Figure 4C ), which are accompanied by rotations of protein residues and rearrangement of the H-bond network at the active site. These changes not only bring the protonated wat47 to a favorable location and orientation for the subsequent protonation of N5 F but also destabilize the S anion to prepare C146 for the next nucleophilic attack onto dUMP during the later cleavage of C7−N5 F (discussed in more detail below). These synchronized motions of the protein, ligands, and solvent molecules provide an explanation for the previous experimental observations that the deprotonation of C5 is tightly coupled with β-elimination of the cofactor in WT TSase. 9, 20 Our 1D-and 2D-PMF results demonstrate the importance of 2D-PMF calculations in studying enzymatic reactions. The 1D-PMF calculations shown in Figure 3 provided a TS equivalent to TSA (Figure 4 ) and revealed important features for the proton transfer, i.e., cleavage of the C6−S bond and the interaction between R166 and C146. In comparison, the 2D-PMF calculations also exposed the multipath nature of the proton transfer step as well as other interesting information. The disparity is rooted in the fact that 2D-PMF calculations allow explicit control of more than one geometric parameter in the DRC; this level of control aids the study of a complex system whose real reaction coordinate involves many degrees of freedom. It is particularly useful in studying an enzymecatalyzed reaction, in which the protein's motions (e.g., movements of C146 and R166 residues in this case) can occur on the same time scale as the chemical transformation and are part of the reaction coordinate. Consequently, in order to accurately access the mechanism of the chemical reaction, the simulations should include those important protein motions in the DRC.
The Labile C6−S Bond. C146 is the nucleophile that attacks C6 of dUMP to initiate the TSase-catalyzed reaction (step 1 in Scheme 2). It has been proposed that the C6−S bond remains intact until the last chemical transformation in the catalytic turnover: the hydride transfer step (step 5 in Scheme 2). 20 The deprotonation of C5 of dUMP can occur in solution (e.g., with high concentrations of L-cysteine or other nonenzymatic catalysts) 21−23 as well as in the binary TSasedUMP complex (intermediate A in Scheme 2) . 25 Evidence suggested that those reactions occur via formation of an enol/ enolate at C5−C4O4. 9 In the ternary enzyme complex, the binding of CH 2 H 4 folate induces conformational changes in the protein as well as formation of a new C−C bond at C5 (intermediate C in Scheme 2) . These changes may impose geometric strain on the pyrimidine ring of dUMP and weaken the C6−S bond, increasing the acidity of the C5−H5 bond and facilitating the deprotonation. 26 Therefore, formation of the methylene bridge with CH 2 H 4 folate alters the reaction coordinate for the proton abstraction from C5, which then occurs via a mechanism different from that of the model reactions in solution and the off-pathway deprotonation of C5 in the binary complex.
Once the C6−S bond is broken after the proton-transfer step, the question remains whether and when this labile bond forms again in the catalytic turnover. We examined the possibility of the subsequent C7−N5 F cleavage (step III.3 in Scheme 3) without restoration of the C6−S bond and found a much higher energy barrier (33 kcal/mol with the AM1/MM method), indicating that the S anion attacks C6 to assist β-elimination of the cofactor. Furthermore, our previous Table S1 ) with C146 to stabilize the S anion in TSA and TSB. The transferred proton is in green and the hydride to be transferred (in step 5 of Scheme 2) is in dark red. (C) Representative structures for the R and P states and a representative structure (D) along the reaction path. H5 has been transferred to wat47 in D (see the H5−Ow distance in Table S1 ); however, the system does not reach energy minimum (P) until the protonated wat47 moves to an optimal position that is ready to protonate N5 F (the next step). This process is accompanied by rearrangement of the H-bond network that not only relocates wat47 but also destabilizes the S anion, making the active site favorable for the subsequent chemical steps (see text). Only the protein residues discussed in the text are shown for clarity. Table S1 provides structural analyses of the six states labeled in this figure. calculations suggest that cleavage of the C6−S bond also lowers the energy barrier for the hydride transfer step. Therefore, the lability of the C6−S bond is important to TSase's catalysis of multiple chemical steps in the reaction.
We scrutinized all the available electron density maps for the crystal structures of ecTSase on http://www.rcsb.org/ and found a very diffuse electron density between C6 and S in almost all the ternary complexes with dUMP and folate analogues (e.g., PDB IDs 2G8O, 1KZI, and 3BHL). These observations comport with our calculations and suggest that conformations of the ternary enzyme complex allow the C6−S bond to be labile while catalyzing the chemical transformations of the ligands. Since the C6−S bond is the only covalent bond formed between TSase and the ligands during the catalyzed reaction, our calculations suggest new reaction intermediates not covalently attached to ecTSase (intermediates H and K in Scheme 2), providing a potential structural lead for new antibiotic drugs targeting DNA synthesis.
Functionalities of Several Key Residues during the Proton Transfer. Many other enzymes use specific protein residues as the general acid/base, but both experiments 19,49−51 and computations 15 suggested that TSase exploits active site water molecules as the proton donors/acceptors in the catalytic turnover. To examine the functionalities of active site residues, we conducted MD simulations of the reaction intermediates (corresponding to intermediate C in Scheme 2) in several single-site mutants of ecTSase (see Computational Details). The results suggest that the network of H-bonds in TSase rearranges in response to the mutation, which could partially recover the functionalities of the mutated residue. This suggestion agrees with saturation mutagenesis studies that concluded only five protein residues are essential to TSase activity. 52 Our calculations revealed that four of those five essential residues are involved in the proton transfer step, including C146, R166, E58, and Y94, where the particular roles of C146 and R166 have been discussed above.
Although a water molecule (wat47 in Figure 1 ) is the direct acceptor of the proton abstracted from C5, several protein residues can modulate the basicity of this water to influence the reaction. Particularly, the negatively charged E58 forms the largest number of H-bonds with other active site residues and water molecules and thus is critical to the entire H-bond network at the active site. In the reactant state of the proton transfer step, E58 is connected to wat47 via H-bonds through other water molecules (Figure 1 and Figure 4C , R). Conformational fluctuations of the protein environment enable formation of a direct H-bond between E58 and wat47, which not only increases the basicity of wat47 for the proton abstraction but also brings the protonated wat47 to a favorable position for the subsequent protonation of N5 F ( Figure 4C ). These results agree with previous experimental observations that mutations of E58 caused moderately slower deprotonation of C5 and dramatically slower β-elimination of the cofactor, leading to accumulation of the ternary enzyme complex. 45 In addition, the Y94 residue was postulated to act as the general base to deprotonate C5, 53, 54 based on its proximity to the fluorine of 5-fluoro-dUMP (5F-dUMP) in the crystal structure of the ternary TSase-(5F-dUMP)-CH 2 H 4 folate complex. 26 Our calculations suggest that Y94 is connected to the S of C146 via H-bonds through a water molecule (wat80 in Figure 1 ) before and during the proton transfer step (Figure 4 , R, D, and TSs). However, once the proton is transferred to wat47, Y94 replaces R166 to form a direct H-bond with C146
(from D to P in Figure 4 ), which is involved in the rearrangement of active site H-bonds that moves the protonated wat47 to a favorable position for the next step. Since Y94 stabilizes the S anion to a lesser extent than does the positively charged R166, this rearrangement also prepares C146 for the next nucleophilic attack on C6 of dUMP, which facilitates elimination of the cofactor. These results corroborate our recent experiments which suggested Y94 is not the general base deprotonating C5, but rather plays an important role in the steps between the proton transfer and hydride transfer. 19 Although H147 is not one of the five essential residues, it is highly conserved and was proposed to assist the enol formation at C5−C4O4 during the proton transfer (step I.1 in Scheme 3). 19 During our 600 ps MD simulation of the WT reaction intermediate (intermediate C in Scheme 2), H147 was connected to O4 via H-bonds through a water molecule rather than directly. We calculated a TS and the corresponding reactant and product structures for the mechanism in which H147 donates a proton to O4, facilitating the enol formation during the deprotonation of C5. The results suggest that this mechanism has a lower activation energy barrier (42 kcal/mol with the AM1/MM method) than do mechanisms I and II, but its activation energy is still higher than that of mechanism III. In addition, the in silico H147 V mutation of ecTSase caused large displacements of atoms in C146 as well as in the 2′-deoxyribose-5′-phosphate moiety of dUMP (by comparison with the WT structure, in the final optimized structure after the 600 ps MD simulation). Those atomic displacements are accompanied by alterations in the H-bonds around the C6−S bond, while the residues around O4 of dUMP are marginally affected. These results suggest that, in contrast to the traditional proposal, H147 (in concert with E58 and other residues) is most likely involved in coordinating active site water molecules. This concerted coordination maintains the proper conformations of C146 and dUMP for the deprotonation of C5 and cleavage of C6−S.
Future Directions To Test the Proposed Mechanisms. The calculations presented above do not only delineate the molecular mechanisms underlying previous experimental observations, they also provide new insights for further consideration and investigation. Although our previous calculation suggested that the C6−S bond could break during the deprotonation of C5, 15 it did not provide enough details of the new mechanism to allow the prediction of feasible experiments examining the computational outcomes. It was, for example, suggested that due to the role of H147 in stabilizing enol intermediate at carbonyl C4, the examination of mutations at H147 could assist in distinguishing between proposed mechanisms. 18, 20 However, the current calculations indicate that H147 is involved in mediating the H-bond network at the active site, which can affect the lability of C6−S bond. Therefore, the experimentally measured H147 mutational effects would require more careful interpretation. Accordingly, we suggest that future experiments may take multiple approaches to verify the cleavage of the C6−S bond during the proton transfer. A most convincing experiment would be to chemically trap any of the proposed intermediates (H or K in Scheme 3) using a quench-flow experimental assay similar to the one recently developed for the flavin-dependent thymidylate synthase. 55 Alternatively, the unquenched intermediates might be detected using time-resolved mass spectrometry. 56 Another relevant experiment would be the examination of the C146S mutant of ecTSase. This mutant can form a stiffer C6−O bond upon the initial nucleophilic attack, which, according to the proposed mechanism, would increase the energy barrier for the proton abstraction from C5. In light of this prediction, previous kinetic studies of this mutant can be reanalyzed. The C146S mutation caused a 1000-fold decrease in the k cat 57 and a 5000-fold decrease in the rate of tritium release from 5-3 H-dUMP. 58 Those results reflect the mutation's more substantial effect on proton abstraction from C5 than on the overall turnover. Our current calculations also indicate that R166 is critical in stabilizing the thiol anion of C146 during the proton transfer, while E58 and Y94 are important for the Hbond rearrangements toward the end of this step. Future experimental studies of R166, E58, and Y94 mutations will examine their effects on proton abstraction in attempt to differentiate the proposed mechanisms.
■ CONCLUSIONS
Understanding the mechanisms of enzyme-catalyzed C−H bond activation has been a focus of biochemistry research for the past few decades. The current study used QM/MM calculations to investigate a proton abstraction catalyzed by ecTSase, which is one of the two C−H bond activations in this enzymatic reaction. Experimental evidence suggested that an analogous proton transfer occurs in solution and in the binary enzyme complex TSase-dUMP via formation of an enol/ enolate in the substrate. However, our calculations suggest that ecTSase uses a different strategy, the labile C6−S bond between the protein and substrate, to catalyze the proton transfer step. The cleavage of the C6−S bond during the proton transfer leads to new reaction intermediates that are not covalently bound to the enzyme, revealing a new potential target for mechanism-based inhibitor design. Such inhibitors may serve as leads for a new class of antibiotic or chemotherapeutic drugs. In addition, our calculations suggest that the proton transfer has a complex free energy surface with multiple TSs, which provides an explanation for the temperature-dependent KIE measured experimentally. 11 In contrast to the well-defined TS for the hydride transfer step, 12 the more complex PMF for the proton transfer step leads to steep temperature dependence of intrinsic KIEs.
The comparison between the 1D-and 2D-PMFs of the proton transfer suggests that some protein motions are part of the reaction coordinate and should be included in the DRC in simulations to obtain complete information for the reaction mechanism. Collective protein motions rearrange the network of H-bonds at the active site to accommodate structural changes in the ligands during and after the proton transfer. In particular, the positively charged R166 approaches C146, rendering it a better leaving group, and thereby stabilizes the TS of the proton transfer step. After that step, the conformational changes in the active site prepare the C146 residue and the protonated water for the subsequent chemical steps in the catalyzed reaction. These synchronized conformational changes in the ligands and protein residues provide another example of the indispensable roles of protein motions in enzyme-catalyzed chemical reactions. Further analysis of the global network of H-bonds that accommodates those local changes is an interesting future direction, one that may reveal important long-range interactions in TSase activity.
Our calculations not only illustrate the functionalities of specific protein residues that reconcile previous experimental observations but also suggest future directions for experiments to further test and sort the proposed mechanisms. The catalytic mechanism of thymidylate synthase is representative of electrophilic substitutions at C5 of the pyrimidine heterocycle; this substitution is catalyzed by many other enzymes, including deoxyuridylate, 59 deoxycytidylate hydroxymethylase, 60 DNA methyltransferase, 61 and RNA methyltransferase. 62 All these enzymes also catalyze proton abstraction from the C5 of the pyrimidine ring upon nucleophilic attack of the catalytic cysteine residue at C6. Thus, the current findings for thymidylate synthase may provide insights into the catalytic mechanisms of other important enzymes involved in nucleic acid biochemistry.
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